SUMMARY A quantitative study of various aspects of platelet function was carried out in eight patients with typical hairy-cell leukaemia (HCL). In at least two patients platelet aggregation was convincingly reduced to more than one aggregating agent (ADP, adrenaline, collagen, thrombin, and ristocetin). Granular storage capacity for {14C} 5-HT was reduced in five of the six patients tested. The two patients with definitely abnormal aggregation had the greatest reduction in granular storage pool and the longest bleeding times of those tested but, like the other patients, they did not have a clinical haemostatic defect. It was concluded that a granular storage pool defect (SPD) was at least partly responsible for aggregation abnormalities in HCL since the platelet release reaction in response to thrombin appeared to be normal. All our patients ran a chronic course uncomplicated by any of the factors known to predispose to a platelet SPD acquired in the circulation. Although in the one patient tested before and after splenectomy there was some improvement in platelet aggregation after operation, there was no clear general relationship between defective platelet function and either previous splenectomy or platelet count. Since a direct involvement of the megakaryocytic series in the underlying cell proliferation of HCL seems unlikely, it is concluded that the platelet defect can most reasonably be attributed to the production of abnormal platelets as a result of marrow fibrosis and/or infiltration by hairy cells.
Hairy-cell leukaemia (HCL) is now widely recognised as a distinct clinicopathological entity in which characteristic mononuclear cells, hairy cells, circulate in varying numbers and infiltrate a variety of organs, especially the bone marrow and spleen (Bouroncle et al., 1958; Katayama and Finkel, 1974; Catovsky, 1977; Golomb, 1978) . Thrombocytopenia is one of the most consistent findings in the disease (Catovsky, 1977; Jansen et al., 1978; Sebahoun et al., 1978) . In addition, there have been brief reports of qualitative abnormalities of platelets in HCL (Levine and Katayama, 1975; Golomb et al., 1978; Feiner et al., 1978) .
In the present paper, in an attempt to characterise further the nature of the platelet abnormality in the disease, we report a detailed study of platelet function in eight patients with typical HCL.
Patients, materials, and methods
PATIENTS AND CONTROLS
Eight patients with HCL were studied. All fulfilled the clinical and haematological criteria of HCL Received for publication 7 February 1979 (Burns et al., 1978) . Relevant clinical and haematological data are included in Table 1 . Six of the patients had had no recent drug therapy, while two (HD and FB, Tables 1 and 2) were on 5 mg/day of prednisone. In four patients the spleen had been removed before study. Four patients had not been splenectomised, and one of these (AF) was also studied on two occasions after splenectomy. On each occasion of testing, a healthy young member of the clinical staff donated control blood. For three HCL patients (HD, FB, AF) blood was transported some distance (up to 3 hours' travelling time) before platelet separation and testing; in each instance control blood was taken at the same time and transported in a similar way.
Platelet function in hairy cell leukemia Imipramine was used at a final concentration of 20 uM. Thrombin was added to a final concentration ofS5 NIH U/ml PRP, together with 250 U of streptokinase (final concentration) in order to lyse clots. Addition of streptokinase only produced no release ofplatelet radioactivity.
Thrombin
Bovine topical thrombin (Parke Davis, Detroit) was used at a final concentration of 0-2 NIH U/ml PRP, and the rate of aggregation was measured.
ACCUMULATION, STORAGE, AND RELEASE OF 5-HT
PRP was incubated at 37°C with {2-14C} 5-HT creatinine sulphate (Radiochemical Centre, Amersham; specific activity 50 mCi/mmol) at a final concentration of 2-5 nmol/108 platelets. As is demonstrated in Fig. 1 , this amount of 5-HT is in slight excess of that (f. 2 nmol/108 platelets) which normal human platelets accumulated under these experimental conditions. Furthermore, this amount of labelled 5-HT is approximately 10 times that of the endogenous 5-HT of human platelets (Hardisty et al., 1972) ; endogenous 5-HT was therefore ignored in our calculations of 5-HT storage capacity (see Results).
At regular intervals, duplicate aliquots of PRP were removed, centrifuged for 1 minute at 12 000 g at room temperature, and the radioactivity in 100 pl of supernatant was counted by using diatol scintillant (Herberg, 1960 ) and a Packard tri-carb liquid scintillation spectrometer model 3390. The platelet uptake of 5-HT was calculated by subtracting the supernatant count from the total PRP radioactivity, and the result was expressed in nmol 5-HT (and metabolites) /108 platelets. Before addition of 5-HT, PRP was preincubated for 30 minutes at 370C in the presence or absence of reserpine (Sigma; final concentration 2 ExM). After 90 minutes' incubation with 5-HT, imipramine (Sigma; final concentration 20 KM) was added to both the reserpinised and nonreserpinised PRP, and platelet radioactivity was measured for a further 60 minutes. After a total of 160 minutes' incubation with 5-HT, duplicate 0 5-ml samples of PRP were mixed with thrombin (5 NIH U/ml final concentration) and streptokinase (Kabi; 250 U/ml final concentration) and incubated at 37°C for a further 10 minutes. Release of granule 5-HT from platelets was then estimated from the increased counts in the supernatant of lysed clots.
In order to relate the results to platelet mass in addition to platelet number, total platelet protein was measured in two controls and in the two most abnormal HCL patients (AF and WE) by Lowry's method as modified by Hess et al. (1978) . BLEEDING TIME The template bleeding time was performed by means of a disposable spring-loaded device (Simplate, General Diagnostics, New Jersey) according to the method of Mielke et al. (1969) .
PLATELET SURVIVAL Platelet survival was measured in one patient (WE) with massive splenomegaly (16 cm below the left costal margin) by a 51Cr method (Aster and Jandl, 1964) . Simultaneously, an attempt was made to label platelets by the intravenous infusion of 50 ,Ci of {2-14C} 5-HT (New England Nuclear, Boston, Mass.; specific activity, 50 mCi/mmol) (Paton et al., 1979) . ELECTRON 
MICROSCOPY
In patient AF, who showed the most striking platelet function abnormalities, the ultrastructure of the (Cawley and Hayhoe, 1973) .
Results

PLATELET AGGREGATION
The results of measurements of platelet aggregation to ADP, collagen, adrenaline, and ristocetin are set out in Tables 1 and 2 The lowest rate of adrenaline-induced aggregation was observed in patient AF, the only patient in whom platelet release to stimulation with adrenaline was not observed at a time when it was present in the control. In two other patients with apparently absent release, no release was observed in the control, and its absence could not, therefore, be unequivocally related to an abnormality of the patients' platelets.
Ristocetin
The platelet response to ristocetin was markedly reduced in three patients (FW 34%, WE 25%, and AF 21 %). In patient AF, ristocetin response was seen to improve after splenectomy. The response in the other five patients, tested once only, varied greatly (mean 109%, range 70-178%) (Table 2 ).
Thrombin
The platelet response to thrombin was measured in three patients (PS, FW, and AB), and aggregation rates of 100%, 100%, and 121% of the control were obtained. The plasma thrombin clotting time, as indicated by a sudden deflection of the recorder pen after aggregation, was similar in patient andcontrol plasmas.
ACCUMULATION, STORAGE, AND RELEASE OF
5-HT
The results for six patients and for three control subjects are set out in Fig. 1 excluded from this part of the study. In both patients and controls, an increase in platelet radioactivity with time of incubation was observed, reaching a plateau by 90 minutes (Fig. 1) , always leaving an excess of 5-HT in plasma. At this point the radioactivity of non-reserpinised platelets is distributed between the saturated platelet granular, and the cytoplasmic, non-granular, compartments (Costa et al., 1977) . In all instances, the accumulation of radioactivity by platelets was markedly reduced by the presence of reserpine at a concentration which selectively blocks granule uptake (Da Prada and Weiss et al., 1974; Reimers et al., 1977) (Fig. 1) . The radioactivity in reserpinised platelets represents 5-HT and its metabolites in the cytoplasmic, non-granular, compartment where the concentration gradient across the platelet membrane is maintained by the continued activity of a 5-HT membrane transport mechanism. Addition of imipramine at 90 minutes (at a concentration which selectively and completely blocks active 5-HT uptake by platelets (Tuomisto, 1974; Reimers et al., 1977) ) resulted in a partial loss of radioactivity from both reserpinised and nonreserpinised platelets (Fig. 1) . As can be seen from Fig. 1 Granule storage capacity for 5-HT was very similar in the three normal controls (mean 135 nmol/1C8 platelets, range 1 25-1 475). In five of the six HCL patients, granule storage capacity was variably reduced (mean 0-81 nmol/108 platelets, range 0-5-1'175; 37-87% of the control mean).
5-HT release was estimated 10 minutes after stimulation by thrombin; any reuptake of released 5-HT during this period was blocked by the continued presence of imipramine. The released radioactivity was then expressed as a percentage of estimated granular 5-HT at the time of thrombin addition (150 minutes). The radioactivity remaining in platelets after complete granule release mainly represents the amount of metabolites accumulated in the platelet cytoplasm during the incubation . (This approximates to the post-imipramine radioactivity of reserpinised platelets.) The release of granular 5-HT from HCL platelets on stimulation with high concentrations of thrombin was normal or slightly reduced in parallel with the reduction in the granule storage capacity (Table 3) .
Compared with the two normal controls (1 -5 and 1I8 mg protein/109 platelets), platelet pellets from the two HCL patients with the most reduced storage pool capacity (AF and WE) contained almost twice as much protein per unit cell number (2'9 and 2-9 mg protein/109 platelets). This difference was probably attributable to red cell contamination of the PRP preparations from these two patients. Since the volume of a single red cell is approximately 10 times that of a normal platelet and since red cell contamination did not exceed 10%, we conclude that HCL platelets were not smaller than normal. Also, in all patients, the platelets appeared to be of normal size by phase-contrast microscopy.
BLEEDING TIME The bleeding times are listed in Table 1 . In one patient (WE) the bleeding time was prolonged (15 minutes), but in all other patients tested it was within the normal range for the method (2-3-9-5 minutes). PLATELET SURVIVAL 51Cr-labelling of platelets from a patient (WE) with a marked reduction in 5-HT storage capacity showed a platelet survival time of 7-4 days ( Fig. 2 ) (normal range 8-11 days (Harker and Slichter, 1972) ). This relatively normal result suggests that any contribution of splenomegaly to the patient's thrombocytopenia was a consequence of sequestration rather than enhanced platelet destruction. This finding is in keeping with the general concept that the main contribution of splenomegaly to the cytopenia of the disease is the result of splenic pooling (Lewis et al., 1977) . The result also argues against significant platelet destruction by other mechanisms such as immune injury (in a second patient (AF) with an even more marked storage granule defect, no platelet antibodies were detectable by a variety of methods). Parallel measurements of 14C radioactivity in PRP showed a rapid, early fall, so that at 36 hours and thereafter about 5 % of the activity recovered 1 hour after the infusion of labelled 5-HT was detectable (Fig. 2) . This result was in marked contrast to our findings in a group of non-leukaemic patients in whom, after an initial marked fall during the first 24 hours, appreciable quantities of 5-HT were retained and gradually lost from the circulation over a period of five to nine days (Paton et al., 1978) . ELECTRON 
MICROSCOPY
Examination of a large number of sectioned platelets from patient AF showed a marked reduction of very dense bodies, but no attempt was made to quantitate this deficiency. With the exception of occasional unusually large granules, platelet ultrastructure was otherwise unremarkable.
Discussion
The aim of the present study was to assess platelet function in HCL in a quantitative way. Such a study requires particular attention to technical aspects of in-vitro tests (Packham et al., 1976) and the inclusion of adequate controls.
In all our in-vitro platelet function studies, platelets from each patient were examined together with normal control platelets handled in a similar way. In order to minimise preparative artefacts (Sixma, 1976) , no attempt was made to wash or concentrate platelets. In the aggregation studies, to make controls strictly comparable with the patients who were frequently thrombocytopenic, normal PRP was diluted to the required platelet concentration with autologous PPP (Zucker, 1970) .
Our aggregation studies showed convincing abnormalities in at least two (AF and WE) of the eight HCL patients, and these abnormalities involved more than one aggregating agent. These two patients had the longest bleeding times of those tested but, like all our HCL patients, did not have a significant clinical bleeding problem. In the only patient tested before and after splenectomy, there was some improvement in aggregation tests after splenectomy. However, in the group of HCL patients as a whole, there was no clear relationship between in-vitro platelet aggregation and either splenectomy or platelet count.
Previous studies specifically concerned with platelet function in HCL have shown that the platelet response to adrenaline is abnormal in a high proportion of patients. However, there has been no agreement about platelet responses to other aggregating agents, although abnormalities in both primary, release-independent and secondary, releasedependent platelet aggregation have been noted (Levine and Katayama, 1975; Feiner et al., 1978; Golomb, 1978; Golomb et al., 1978) . Our aggregation studies showed little evidence of an abnormal primary response to ADP but revealed a consistent slight reduction in the primary response to adrenaline. In addition, in at least two patients, there was a general reduction in platelet responses to all stimuli which partly or wholly depend on platelet granule secretion. This indicated the possibility of a storage pool or release defect and prompted further investigation with labelled 5-HT.
Our studies of accumulation, storage, and release of {14C} 5-HT showed that platelet granule 5-HT storage capacity was reduced in most HCL patients, and estimation of total platelet protein indicated that this was not simply due to reduced platelet size. Although such a defect has not previously been described in HCL, a similar type of platelet dysfunction, involving reduced 5-HT storage and a parallel reduction of granular adenosine nucleotides, has been demonstrated in a number of disorders (Boullin and O'Brien, 1971; Hardisty et al., 1972; Weiss et al., 1974; Pareti et al., 1976) , including a variety of leukaemias (Hardisty and Stacey, 1957; Cowan et al., 1975; Gerrard et al., 1978) .
The present study provides no direct evidence concerning the underlying mechanism or cause of the storage pool defect (SPD) in HCL. However, our data provide some indirect evidence of possible relevance. For example, the platelet dysfunction clearly does not bear a simple relationship to thrombocytopenia since we, and others (Levine and Katayama, 1975; Golomb et al., 1978) , have observed platelet abnormalities in patients with a normal platelet count. Moreover, although we observed some improvement of platelet aggregation in one patient after splenectomy, and a similar observation has been reported in one other patient (Feiner et al., 1978) , splenomegaly cannot be the general underlying cause of the platelet defect since some of our splenectomised patients showed abnormal platelet storage of 5-HT. For the same reason, splenic sequestration of platelets seems an unlikely general cause of the platelet defect. Therefore, since all our HCL patients ran a chronic course uncomplicated at the time of study by any of the factors known to predispose to a platelet SPD acquired in the circulation (Zahavi and Marder, 1974; Pareti et al., 1976) , we suggest that abnormal platelet production in the marrow is of prime importance in the SPD of HCL. In view of the now overwhelming evidence for the B-cell nature of the disease (Catovsky, 1977; Golde et al., 1977; Burns et al., 1978) , it seems highly unlikely that this defective platelet production can be ascribed to a direct involvement of the megakaryocytic series in the underlying cell proliferation. It seems more likely that the SPD of the platelets in HCL is attributable to the extensive fibrosis and/or hairy cell infiltration of the bone marrow that are so characteristic of the disease.
